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Abstract
Ligand-induced endocytosis of the immune receptor FLAGELLIN SENSING2 (FLS2) is critical for maintaining its proper
abundance in the plasma membrane (PM) to initiate and subsequently down regulate cellular immune responses to
bacterial agellin or g22-peptide. The molecular components governing PM abundance of FLS2, however, remain mostly
unknown. Here, we identi ed Arabidopsis (Arabidopsis thaliana) DYNAMIN-RELATED PROTEIN1A (DRP1A), a member of
a plant-speci c family of large dynamin GTPases, as a critical contributor to ligand-induced endocytosis of FLS2 and its
physiological roles in g22-signaling and immunity against Pseudomonas syringae pv. tomato DC3000 bacteria in leaves.
Notably, drp1a single mutants displayed similar g22-defects as those previously reported for mutants in another dynamin-
related protein, DRP2B, that was previously shown to colocalize with DRP1A. Our study also uncovered synergistic roles of
DRP1A and DRP2B in plant growth and development as drp1a drp2b double mutants exhibited severely stunted roots and
cotyledons, as well as defective cell shape, cytokinesis, and seedling lethality. Furthermore, drp1a drp2b double mutants
hyperaccumulated FLS2 in the PM prior to g22-treatment and exhibited a block in ligand-induced endocytosis of FLS2,
indicating combinatorial roles for DRP1A and DRP1B in governing PM abundance of FLS2. However, the increased steady-
state PM accumulation of FLS2 in drp1a drp2b double mutants did not result in increased g22 responses. We propose
that DRP1A and DRP2B are important for the regulation of PM-associated levels of FLS2 necessary to attain signaling com-
petency to initiate distinct g22 responses, potentially through modulating the lipid environment in de ned PM domains.

R
es
ea
rc
h
A
rt
ic
le

Received August 26, 2020. Accepted December 25, 2020. Advance access publication 3 February 2021
VC American Society of Plant Biologists 2021. All rights reserved. For permissions, please email: journals.permissions@oup.com

doi:10.1093/plphys/kiab024 PLANT PHYSIOLOGY 2021: 0: 1–17

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiab024/6127190 by guest on 11 M

arch 2021

https://orcid.org/0000-0002-6555-8975
http://orcid.org/0000-0003-0910-8475
https://orcid.org/0000-0002-0166-8286
https://orcid.org/0000-0001-5804-9884
http://orcid.org/0000-0003-2654-5095
https://orcid.org/0000-0001-7465-1787
https://orcid.org/0000-0003-2711-6153
https://academic.oup.com/plphys


Introduction
Plant proteins in the plasma membrane (PM) contribute to
many cellular functions, including the ability to perceive
environmental changes and evoke appropriate cellular
responses. During infection by Pseudomonas syringae pv.
tomato (Pto) DC3000, a pathogenic flagellated bacteria that
colonizes and propagates within the extracellular space of
leaves (Yu et al., 2017; Xin et al., 2018), plant PM proteins
have many roles in host defense, from bacterial perception
to initiation, amplification, and attenuation of immune
responses (Boutrot and Zipfel, 2017; Gu et al., 2017). In
addition, to help halt bacterial infection, plant cells rapidly
remodel their cell surface composition through various cellu-
lar mechanisms, including through endocytosis (Ben Khaled
et al., 2015; Ekanayake et al., 2019; Gu et al., 2017).
Endocytosis is a process by which PM proteins are inter-

nalized into small membrane-bound vesicles that bud from
the PM into the cytoplasm (Gadeyne et al., 2014; Paez
Valencia et al., 2016; Reynolds et al., 2018). The contents of
endocytic vesicles are either recycled to the PM or delivered
to the vacuole for degradation. Perturbation in endocytosis
results in altered PM protein levels, which in turn can affect
cellular responses (Claus et al., 2018; Reynolds et al., 2018;
Ekanayake et al., 2019). Most plant studies have focused on
constitutive endocytosis that occurs in the absence of any
stimulus and serves as a general quality control of the PM
composition (Gadeyne et al., 2014; Paez Valencia et al., 2016;
Reynolds et al., 2018). Much less is known about the under-
lying molecular mechanisms and components that govern
ligand-induced endocytosis, likely because relatively few
plant PM cargo proteins are known to undergo stimulus-
dependent endocytosis (Claus et al., 2018; Ekanayake
et al., 2019). During ligand-induced endocytosis, binding of a
ligand to its cognate PM receptor results in receptor
internalization as a means to desensitize cells to the stimu-
lus and attenuate stimulus-dependent signaling (Claus et al.,
2018; Ekanayake et al., 2019).
Clathrin-mediated endocytosis (CME) has emerged as the

predominant pathway of constitutive and ligand-induced
endocytosis in plants (Reynolds et al., 2018; Ekanayake et al.,
2019). After clathrin-coated vesicle (CCV) formation and
maturation using clathrin and endocytic accessory proteins,
CCVs are released from the PM through the action of large
dynamin GTPases (Bednarek and Backues, 2010; Fujimoto
and Tsutsumi, 2014). Arabidopsis (Arabidopsis thaliana) enc-
odes 16 DYNAMIN RELATED PROTEIN (DRP)s that fall into
six subfamilies (DRP1-6) based on their domain structure
and function in fission of diverse membranes and/or
organelles (Hong et al., 2003), with members of DRP1 and
DRP2 subfamilies being implicated in CME (Bednarek and
Backues, 2010; Fujimoto and Tsutsumi, 2014). DRP1s repre-
sent plant-specific dynamin GTPases that lack the character-
istic pleckstrin-homology (PH)-domain (for membrane
association) and the proline/arginine-rich domain (PRD; for
protein interaction) present in mammalian dynamins and
members of the plant DRP2 subfamily (for review, see

Bednarek and Backues, 2010; Fujimoto and Tsutsumi, 2014;
Ramachandran and Schmid, 2018). Specifically, DRP1A func-
tions in cytokinesis and cell expansion, likely in part through
its role in constitutive endocytosis of bulk membrane, cellu-
lose accumulation, and polar localization of the auxin efflux
carrier PIN-FORMED (PIN) proteins and the BORON
TRANSPORTER1 (BOR1; Kang et al., 2001; Collings et al.,
2008; Mravec et al., 2011; Yoshinari et al., 2016; Marhava
et al., 2020). DRP1A interacts in yeast two-hybrid assays and
colocalizes with DRP2B in plant cells (Fujimoto et al., 2008,
2010). Both DRP1A and DRP2B accumulate in a sterol-
enriched, polar membrane domain during root hair initia-
tion, with DRP1A contributing to high-lipid order at the cell
plate (Frescatada-Rosa et al., 2014; Stanislas et al., 2015).
DRP1A’s roles beyond plant growth and development, how-
ever, remain largely unknown. It is also unclear whether
DRP1A interacts genetically with DRP2B for effective CME
and/or physiological responses.
In Arabidopsis, the immune receptor FLAGELLIN

SENSING2 (FLS2) has emerged as a model PM protein to
study ligand-induced endocytosis (for review, see Ben
Khaled et al., 2015; Ekanayake et al., 2019). Predominantly
functioning in aerial tissues (Robatzek and Wirthmueller,
2013), FLS2 must reside in the PM to perceive bacterial fla-
gellin (or its active peptide derivative flg22) in the apoplast
and initiate cellular responses that help provide immunity
against Pto DC3000 (for review see Robatzek and
Wirthmueller, 2013; Yu et al., 2017). Notably, flg22-elicited
responses do not form a single linear signaling pathway but
rather a flg22-signaling network that consists of multiple sig-
naling branches (Korasick et al., 2010; Tena et al., 2011;
Smith et al., 2014a, 2014b). How these different branches are
regulated and integrated into effective immunity remains
largely unknown. Ligand-induced endocytosis of FLS2
removes the activated receptor from the site of stimulus-
perception (the PM) to desensitize cells to flg22, contribut-
ing to an attenuation of immune signaling (Smith et al.,
2014b). FLS2 also undergoes constitutive endocytosis to fine-
tune FLS2 abundance in the PM in the absence of flg22
(Beck et al., 2012). Recent studies show that clathrin, CCV
adaptors, and accessory proteins are necessary for ensuring
the correct PM abundance of FLS2 for effective immune
responses (Smith et al., 2014a; Mbengue et al., 2016; Collins
et al., 2020). Specifically, loss of DRP2B, but not its close
paralog DRP2A, leads to reduced ligand-induced endocytosis
of FLS2 (Smith et al., 2014a). For drp2b but not drp2a,
the resulting delay in FLS2 removal from the PM links to
increased flg22-induced production of apoplastic reactive
oxygen species (ROS; Smith et al., 2014a). Roles of DRP2
protein orthologs in flg22-induced endocytosis of FLS2
extend to other plant species (Chaparro-Garcia et al.,
2015).
Given that drp2b mutants exhibit only a modest decrease

in ligand-induced endocytosis of FLS2 (Smith et al., 2014a),
we reasoned that DRP2B may function with DRP1A in
flg22-induced internalization of FLS2. In this study, we
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expanded our limited understanding of DRP1A’s contribu-
tion to physiological responses in aerial tissue. We demon-
strated that DRP1A is required for effective immunity
against Pto DC3000 bacteria and flg22-signaling, and that
DRP1A functions as an important regulator of flg22-induced
endocytosis of FLS2. The isolation of drp1a drp2b double
mutants also enabled us to address the genetic interaction
of DRP1A and DRP2B and their physiological relevance in
plant growth and development, immune signaling, and
endocytosis.

Results

Loss of DRP1A in Arabidopsis Col-0 ecotype leads to
growth and developmental defects
To assess whether DRP1A contributes to plant immune
responses and FLS2 endocytosis after flg22 elicitation, we
utilized two independent drp1a mutant alleles in the
Arabidopsis ecotype Columbia (Col-0, wild-type (WT)) back-
ground (Supplemental Figure S1, A). First, we confirmed
that drp1arsw9 (Collings et al., 2008) and drp1a069077 (Boutté
et al., 2010; Mravec et al., 2011; referred to as drp1asalk from
here on) are, as previously reported, null mutants
for DRP1A. To streamline genotyping for drp1arsw9, we
established Cleaved Amplified Polymorphic Sequence
(CAPS) analysis (Supplemental Figure S1, B) to confirm the
presence of the point mutation in drp1arsw9 that results in
a premature stop codon (Collings et al., 2008). As the
drp1asalk mutant is a SALK T-DNA insertion allele, standard
PCR amplification with gene- and T-DNA-specific primers
was utilized to confirm its genotype (Supplemental Figure
S1, C and Supplemental Table S1). Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and
immunoblot analysis with a previously published aDRP1A
antibody (Kang et al., 2003) confirmed that both drp1a
mutant alleles are null mutants based on highly reduced
accumulation of DRP1A mRNA (Figure 1, A) and no detect-
able DRP1A protein accumulation (Figure 1, B), respectively,
compared with Col-0. Both drp1arsw9 and drp1asalk mutants
exhibited similar growth and development defects, including
reduced seedling root length (Figure 1, C and D), seedling
weight (Figure 1, E), rosette size of 5-week-old plants grown
in soil (Figure 1, F, see also Supplemental Figure S2 for
comparison to drp2b-2), and silique length (Supplemental
Figure S1, D). Albeit not as severe, phenotypic defects for
Col-0 drp1a null mutants were reminiscent of those
reported for Arabidopsis ecotype Wassilewskija drp1a
mutants (Kang et al., 2001; Konopka and Bednarek, 2008).
Taken together, results from two independent mutant
alleles are consistent with the mutation in DRP1A being re-
sponsible for these growth and developmental defects in the
Col-0 background. Having two independent drp1a mutant
alleles enabled us to assess the role(s) of DRP1A in immune
responses.

Loss of DRP1A results in increased susceptibility
against Pto DC3000 bacterial strains
To assess whether DRP1A is required for effective immunity
against pathogenic bacteria, we compared the growth of the
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Figure 1 Morphological defects in drp1a null mutant alleles
(ecotype Col-0). A, Using RT-qPCR, relative mRNA levels of DRP1A
were measured in 7-d-old Col-0 (WT), drp1arsw9 (1arsw9) and
drp1a069077 (1asalk) seedlings, and normalized to the reference SAND
gene At2g28390. n = 3–4 samples/genotype, with each n representing
a biological sample that contained four seedlings. B, Using immuno-
blot analysis, total protein extracts from 7-d-old seedlings of drp1arsw9

(1arsw9), drp1a069077 (1asalk), and Col-0 were probed with aDRP1A
antibodies. aMPK6 and PonceauS served as loading controls. C, 7-d-
old drp1arsw9 (1arsw9) and drp1a069077 (1asalk) seedling roots compared
with Col-0 when grown vertically. Bar = 5 mm. D, Root length meas-
urements (mm) of 8-d-old seedlings (n 5 10 seedlings/genotype) of
drp1a null mutant alleles compared with Col-0. E, Fresh weight meas-
urements of 8-d-old seedlings (n 5 20 seedlings/genotype) of drp1a
null mutant alleles compared with Col-0. F, Rosettes of 5-week-old,
soil-grown drp1a null mutant plants relative to Col-0 were digitally
extracted from the same image and aligned for comparison. Scale bar
= 2 cm. All experiments were repeated at least three times with simi-
lar results using biologically distinct samples for each biological repli-
cate. Values are means ± SE with different letters indicating
statistically signi cant differences and with same letters indicating no
statistically signi cant differences based on ordinary one-way ANOVA
(P 5 0.0001). Col-0, WT (white bar); 1arsw9, drp1arsw9 (black bar);
1asalk, drp1a069077 (gray bar with black stripes).
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pathogenic flagellated bacteria Pto DC3000 in drp1a mutant
alleles to Col-0 plants. After syringe infiltration into leaves of
5- to 6-week-old plants, bacterial growth was assessed by
bacterial dilution plating at 0 and 3 d post-infiltration (dpi)
using established protocols (Korasick et al., 2010; Smith
et al., 2014a). In control experiments, no difference in
Pto DC3000 colony forming units (cfu) was observed at
0 dpi, indicating that similar amounts of bacteria were ini-
tially delivered into leaves of drp1a mutant alleles and
Col-0 (Figure 2, A). At 3 dpi, however, both drp1arsw9 and
drp1asalk mutant plants showed significant increases in Pto
DC3000 growth compared with Col-0 (Figure 2, A), indi-
cating that drp1a mutants were more susceptible to Pto
DC3000. Notably, the growth of Pto DC3000 was signifi-
cantly higher in both drp1a mutant alleles relative to the
drp2b-2 mutant (Figure 2, A), a loss-of-function allele in
the gene encoding DRP2B, previously shown by us to have
a positive function in resistance against Pto DC3000
(Smith et al., 2014a). We also tested whether loss of
DRP1A resulted in altered susceptibility to Pto DC3000
hrcC–, a hypovirulent bacterial strain that has a defective
bacterial type 3 secretion system (T3SS), thus cannot in-
ject bacterial effectors into host cells to suppress host im-
mune responses (Xin et al., 2018). Indeed, both drp1arsw9

and drp1asalk mutant alleles showed increased susceptibil-
ity compared with Col-0 (Figure 2, B). In contrast to infec-
tion with the pathogenic Pto DC3000 (Figure 2, A), both
drp1a alleles supported growth of non-pathogenic Pto
DC3000 hrcC– to levels similar to that observed for drp2b-
2 (Figure 2, B), indicating that DRP1A functions similarly
to DRP2B in contributing positively to pattern-triggered
immunity (PTI).
Taken together, we identified additional roles for DRP1A,

in that this endocytic accessory protein has positive

functions in plant immunity against Pto DC3000 strains.
However, given that two independent drp1a mutant alleles
showed increased susceptibility to the pathogenic Pto
DC3000 strain relative to drp2b-2, it is likely that DRP1A
may have additional roles in immune responses against Pto
DC3000 that may depend on bacterial effector delivery com-
pared with DRP2B.

Loss of DRP1A affects the three branches of the
flg22-signaling network differently
As Pto DC3000 strains are flagellated bacteria (Xin et al.,
2018), we next assessed whether drp1a mutant plants
showed altered immune responses to bacterial flg22, which
is the pathogen-associated molecular pattern derived from
Pseudomonas flagellin. Notably, flg22 perception of FLS2
initiates a signaling network that consists of multiple, paral-
lel signaling branches, including the ROS/CALCIUM-
DEPENDENT PROTEIN KINASE (CDPK) branch, the
MITOGEN-ACTIVATED PROTEIN KINASE (MAPK)-depen-
dent branch, and the defense hormone salicylic acid (SA)-
dependent branch (Korasick et al., 2010; Tena et al., 2011;
Smith et al., 2014a, 2014b). As we have previously shown,
loss of DRP2B has differential effects on these three distinct
branches of the flg22-signaling network (Smith et al., 2014a).
Thus, we used established flg22-induced marker assays
(Boudsocq et al., 2010; Korasick et al., 2010; Ranf et al., 2011;
Smith et al., 2014a) to interrogate the activity of the CDPK,
MAPK, and SA signaling pathways in the drp1a mutants.
Similar to Pto DC3000 infection, these flg22-induced signal-
ing assays were performed in mature leaves.
Using RT-qPCR, both drp1a mutant alleles showed

reduced mRNA accumulation of PATHOGENESIS RELATED1
(PR1), the late marker downstream of the defense hormone
SA, after flg22 elicitation (Figure 3, A). In contrast, no
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cally signi cant differences based on ordinary one-way ANOVA (P 5 0.0001). All experiments were performed at least three times with similar
results using biologically distinct samples for each biological replicate. dpi, days post-infection; OD, optical density. Col-0, WT (white bar); 2b-2,
drp2b-2 (gray bar); 1arsw9, drp1arsw9 (black bar); 1asalk, drp1a069077 (gray bar with black stripes).
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difference in flg22-induced mRNA accumulation was ob-
served between for drp1a mutants compared with Col-0
and drp2b for any of the MAKP-dependent marker genes
FLG22-INDUCED RECEPTOR-LIKE KINASE1 (FRK1; Figure 3,
B), WRKY33 (Figure 3, C and Supplemental Figure S3, A),
and WRKY40 (Supplemental Figure S3, B). These results indi-
cated that, similar to DRP2B (Smith et al., 2014a; Figure 3
and Supplemental Figure S3, A and B), DRP1A has a positive
function in flg22-induced PR1 mRNA accumulation and no
discernable role in MAPK-signaling dependent expression of
flg22-induced marker genes.
Analysis of flg22-induced mRNA accumulation of

PHOSPHATE INDUCED1 (PHI1), a marker gene downstream
of CDPKs, demonstrated that PHI1 mRNA expression in-
creased in drp1a mutant plants relative to Col-0 (Figure 4,
A). To investigate DRP1A’s roles in flg22 responses beyond
mRNA accumulation, we tested drp1a mutant leaves for
ROS production and callose deposition using luminol-
based and aniline-blue staining assays, respectively. drp1a
mutant plants exhibited increased flg22-induced ROS
production when measured over time (Figure 4, B) and as
total ROS (Figure 4, C) compared with Col-0. Loss of
DRP1A also resulted in elevated callose deposits in re-
sponse to flg22 that were statistically similar to drp2b-2
but increased compared with Col-0 (Figure 4, D and E).
In control experiments, no differences were observed
between drp mutants and Col-0 after mock treatment
(Figure 4, D and E). We conclude that, similar to
DRP2B, DRP1A contributes negatively to ROS/CDPK-
dependent responses upon flg22 elicitation. As no appar-
ent differences in steady-state FLS2 mRNA (Supplemental
Figure S3, C) or steady-state FLS2 protein (Figure 4, F and
Supplemental Figure S3, D) accumulation were detected in
total leaf extracts of drp1a mutant alleles compared with
drp2b-2 and Col-0, the flg22-response defects in drp1a

mutants were unlikely due to altered steady-state FLS2
accumulation.
Taken together, our findings that DRP1A has a differential

impact on the three different branches of the flg22-signaling
network indicate that DRP1A has negative function(s) in the
ROS/CDPK-branch, positive function(s) in the SA-branch
but no apparent role in the MAPK-branch. Notably, the
combination of immune defects in drp1a was similar to
those observed for drp2b mutants, indicating that these two
DRP proteins may modulate component(s) of the flg22-
signaling network in a similar manner.

DRP1A plays a significant role in ligand-induced en-
docytosis of FLS2
Next, we addressed whether DRP1A may contribute to
ligand-induced endocytosis of FLS2 using live-cell imaging.
To this end, Col-0 expressing FLS2-green fluorescent protein
(GFP) under the control of its own promoter (pFLS2::FLS2-
3xMyc-EGFP; subsequently referred to as FLS2-GFP; Beck
et al., 2012; Smith et al., 2014a) was crossed with drp1asalk

mutant plants to generate homozygous drp1asalk FLS2-GFP.
Similar to drp1a leaf tissue (Figure 3, B and C), cotyledons of
drp1asalk FLS2-GFP displayed increased flg22-elicited ROS
production compared with Col-0 FLS2-GFP (Figure 5, A,
time-course; Figure 5, B, total ROS production). Notably, the
flg22-dependent increase in ROS was significantly higher in
drp1asalk FLS2-GFP cotyledons compared with that in drp2b-
2 FLS2-GFP cotyledons. We concluded that cotyledons of
drp1asalk FLS2-GFP are a biologically relevant tissue for live-
cell imaging studies. Elevated ROS production was unlikely
due to increased steady-state levels of FLS2 because
compared with Col-0 FLS2-GFP, no apparent increase in en-
dogenous FLS2 or ectopically expressed FLS2-GFP protein ac-
cumulation was observed when total protein seedling
extracts were probed with antibodies against FLS2 and GFP
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Figure 3 DRP1A plays a positive role in g22-induced mRNA accumulation of SA-dependent but has no apparent role in MAPK-dependent
marker genes. A–C, Leaves of 5- to 6-week-old plants were syringe-in ltrated with 1 mM g22 for 0 (h) or 24 h (�) for PR1 (A); 0.1 mM g22 for 0
(h) or 3 h (�) for FRK1 (B); 0.1 mM g22 for 0 h (h) or 30 min (�) for WRKY33 (C). Relative mRNA levels for each marker gene were measured
using RT-qPCR and normalized to the reference SAND gene At2g28390. n = 4–6 plants/genotype/treatment for PR1 and FRK1; and n = 3–6
plants/genotype/treatment for WRKY33. Each n is a biological sample that consisted of three 0.2 mm2 leaf discs collected from the same plant for
Col-0 and drp2b-2 or collected from one to two plants for the drp1a alleles due to their smaller leaf size. Values are means ± SE with different let-
ters denoting statistically signi cant difference and with same letters indicating no statistically signi cant differences based on ordinary one-way
ANOVA. All experiments were performed at least three times with similar results using biologically distinct samples for each biological replicate.
Col-0, WT; 2b-2, drp2b-2; 1arsw9, drp1arsw9; 1asalk, drp1a069077.
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(Supplemental Figure S4; endogenous FLS2, white arrow-
head; FLS2-GFP, black arrowhead).
We performed quantitative live-cell imaging in pavement

cells on the adaxial surface of cotyledons using Spinning
Disc Confocal Microscopy (SDCM), a well-established tech-
nique to quantify ligand-induced endocytosis of FLS2-GFP
Arabidopsis cotyledons (Beck et al., 2012; Smith et al., 2014a;
Leslie and Heese, 2017). Consistent with FLS2 being a PM-
localized receptor in the absence of any stimulus, FLS2-GFP
localized predominantly at the PM of Col-0, drp2b-2, and
drp1asalk mutants with some FLS2-GFP in small intracellular
puncta prior to flg22-elicitation (Figure 5, C; –flg22, 0 min).
When quantifying the number of intracellular FLS2-GFP
puncta using Fiji software (Leslie and Heese, 2017), we ob-
served no statistically significant difference between the

drp2b-2 and drp1asalk single mutants and Col-0 at 0 min
(Figure 5, D). In response to flg22, FLS2-GFP in Col-0 under-
goes ligand-induced internalization from the PM, resulting in
endocytic movement to endosomal compartments that ap-
pear as intracellular FLS2-GFP puncta around 50–60 min
post-elicitation (Figure 5, C and D, + flg22; Beck et al., 2012;
Smith et al., 2014a; Leslie and Heese, 2017). In drp1a, ligand-
induced endocytosis of FLS2-GFP was strongly impaired
(Figure 5, C and D, + flg22). Notably, FLS2 endocytosis was
more compromised in drp1asalk relative to drp2b (Figure 5,
C and D, + flg22). Similar to drp1asalk, flg22-elicited endocy-
tosis of FLS2-GFP was inhibited in the independent
drp1arsw9 mutant allele (Supplemental Figure S5). Following
flg22 elicitation for 50–60 min, we observed a 60%–70% re-
duction in the levels of FLS2-GFP intracellular puncta in
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Figure 4 DRP1A contributes negatively to g22-induced ROS/CDPK-dependent responses. A, Using RT-qPCR, PHI1 mRNA accumulation was
compared between 5- and 6-week-old Col-0, drp1a and drp2b single mutant plants at 30 min after in ltration with 0.1 mM g22 (�, + g22) or
mock (h, – g22). Relative PHI1 mRNA levels were measured and normalized to the reference SAND gene At2g28390. n = 3 different plants/geno-
type/treatment with each n representing a biological sample that contains three leaf punches collected from the same plant. B, Time-course of
0.1 mM g22-induced ROS production in leaf tissue of 5- to 6-week-old drp mutant and WT plants. n = 24 leaf samples/genotype collected from
three to four different plants with each n representing a biological sample consisting of a leaf disc half. C, Total 0.1 mM g22-induced ROS produc-
tion from time-course shown in B. D and E, For callose deposition, leaves of 5- to 6-week-old plants were in ltrated with 1 mM g22 or DMSO.
After 24 h, leaf punches were collected and processed for aniline blue staining and imaging. D, Representative leaf image for callose depositions of
each genotype and treatment from the same experiment shown in E. Scale bar = 0.5 mm. E, Percentage of total leaf surface area covered by ani-
line blue-stained uorescent callose at 24 h after in ltration of 1 mM g22 (�) or mock (DMSO, h) for n 4 20 leaf punches collected from three
to four plants/genotype/treatment. F, Using immunoblot analysis, total protein extracts from 7-d-old seedlings of drp1arsw9, drp1asalk, and Col-0
were probed with aFLS2 antibodies. aMPK6 and PonceauS served as loading controls. Values are means ± SE with different letters denoting statisti-
cally signi cant difference and with same letters indicating no signi cant differences based on ordinary one-way ANOVA. All experiments were
performed at least three times with similar results using biologically distinct samples for each biological replicate. Col-0, WT; 2b-2, drp2b-2; 1arsw9,
drp1arsw9; 1asalk, drp1a069077; min, minutes; RLU, relative light units.
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drp1asalk and drp1arsw9 cotyledon cells (Figure 5, D and
Supplemental Figure S5, 50–60 min flg22), whereas drp2b-2
single mutant showed only a �20% reduction (Figure 5, D,
50–60 min flg22). These results indicate that DRP1A has a
more prominent role than DRP2B in flg22-induced endocyto-
sis of FLS2.

DRP1A and DRP2B function synergistically in plant
growth and development
As described above, drp1a and drp2b single mutants showed
similar phenotypic flg22–defects and were impaired in
ligand-induced endocytosis of FLS2-GFP. To test whether
DRP1A and DRP2B genetically interact, we crossed drp2b-2
with drp1asalk or with drp1arsw9 single mutant alleles to gen-
erate homozygous drp1asalkdrp2b-2 or drp1arsw9drp2b-2 dou-
ble mutants, respectively. Using gene-specific primers
(Supplemental Table S1), we confirmed by RT-qPCR that ex-
pression levels of DRP1A and DRP2B mRNA in the double
homozygous drp1a drp2b lines were significantly reduced
relative to Col-0 (Supplemental Figure S6, A). Furthermore,
DRP1A protein was not detected in total protein extracts of
drp1a single and drp1a drp2b double mutants analyzed
by immunoblotting using aDRP1A antibodies (Figure 6, A).
Similarly, immunoblot analysis using affinity purified
polyclonal aDRP2 peptide antibody, which detects both
DRP2A and DRP2B proteins due to their high amino acid

sequence identity (Backues et al., 2010; Smith et al.,
2014a), demonstrated that the levels of DRP2 proteins
were substantially reduced in drp2b single and drp1a
drp2b double mutant total protein extracts (Figure 6, A).
The residual DRP2 protein detected by the aDRP2 anti-
body in the drp2b-2 mutant likely corresponds to the pro-
tein encoded by DRP2A (Backues et al., 2010; Smith et al.,
2014a). In contrast to drp1asalk and drp1arsw9 single
mutants (Figures 1, C–E and 6, B), drp2b-2 single mutants
did not display obvious differences in seedling growth rela-
tive to Col-0 (Figure 6, B) as previously described (Backues
et al., 2010; Smith et al., 2014a). However, growth of both
drp1asalkdrp2b-2 and drp1arsw9drp2b-2 double mutant
seedlings was more severely stunted than either of the
drp1a or drp2b single mutants (Figure 6, B). The drp1a
drp2b double mutants survived on MS plates for up to 21
d but were unable to grow on soil and reproduce, indicat-
ing that loss of both DRP1A and DRP2B resulted in a seed-
ling lethal phenotype.
Previous studies have shown that drp1a mutant seedlings

exhibit cytokinesis and cell enlargement defects in
multiple tissues (Kang et al., 2001, 2003; Collings et al., 2008;
Mravec et al., 2011). As FLS2 predominately functions in
cotyledons at the seedling stage, we focused on examining
cotyledon epidermal cells in Col-0, drp single and double
mutants. After staining with propidium iodide (PI), drp1a
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Figure 5 DRP1A has a prominent role in flg22-induced endocytosis of FLS2-GFP. A, Time-course of 1 mM flg22-induced ROS production in cotyledons
of 7-d-old Col-0 FLS2-GFP, drp1asalk FLS2-GFP and drp2b-2 FLS2-GFP mutant seedlings. n = 24 biological samples/genotype, with each n consisting of
two halves of a cotyledon. B, Total 1 mM flg22-induced ROS production from time-course shown in A. For C and D, Col-0 FLS2-GFP, drp2b-2 FLS2-
GFP, and drp1asalk FLS2-GFP homozygous seedlings were treated with 1 mM flg22 for 0 and 50–60 min to examine ligand-induced endocytosis of FLS2-
GFP on the adaxial surface of the cotyledon epidermis using SDCM. C, Representative maximum-intensity projection images of FLS2-GFP fluorescence.
Scale bars = 10 mm. D, Quantification of FLS2-GFP puncta at indicated times post-elicitation with n 18 images/genotype/treatment with at least six
images each taken from three different seedlings per genotype and treatment. Values are means ± SE with different letters denoting statistically signifi-
cant difference and with same letters indicating no statistically significant differences based on ordinary one-way ANOVA (P5 0.05). All experiments
were performed at least five times, with similar results using biologically distinct samples for each biological replicate. Col-0 FLS2-GFP, WT FLS2-GFP;
2b-2 FLS2-GFP, drp2b-2 FLS2-GFP; 1asalk FLS2-GFP, drp1a069077 FLS2-GFP; min, minutes; and RLU, relative light units.
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cotyledons revealed altered cell size (Figure 7, A) reminiscent
of those reported in other tissues for drp1a single mutants
(Kang et al., 2001, 2003; Collings et al., 2008; Mravec et al.,
2011). No apparent cell size reduction or misshapen cells
were observed for cotyledon epidermal cells in the drp2b-2
single mutant compared with Col-0 (Figure 7, A). The com-
bined loss of DRP1A and DRP2B caused small, round, and

mis-shaped epidermal cells with significantly increased num-
ber of cell wall stubs that were more severe than those for
the drp1a single mutant (Figure 7, B). We concluded that
the severely stunted areal tissue observed in the drp1a
drp2b double mutant was consistent with potential synergis-
tic role(s) of DRP1A and DRP2B in cell expansion and
cytokinesis.
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Figure 6 DRP1A and DRP2B act synergistically in plant growth and in hyperaccumulation of FLS2. A, Using immunoblot analysis, total protein
extracts from 7-d-old seedlings of drp2b-2, drp1arsw9, drp1arsw9 drp2b-2, drp1asalk, drp1asalk drp2b-2, and Col-0 were probed with aDRP1A
and aDRP2 antibodies. aMPK6 and PonceauS served as loading controls. B, Representative image of 7-d-old seedlings. Scale bar = 1 cm. C, Using
immunoblot analysis, total protein extracts from 7-d-old seedlings of drp2b-2, drp1arsw9, drp1arsw9 drp2b-2, drp1asalk, drp1asalk drp2b-2, and Col-0
were probed with aFLS2 antibodies. aCNX and PonceauS served as loading controls. For immunoblot analyses (A and C), each sample of Col-0,
drp2b-2, and drp1a single mutants consisted of 10 seedlings; and for drp1a drp2b double mutants, each sample consisted of 30 seedlings. All
experiments were performed at least three times with similar results using biologically distinct samples for each biological replicate.
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Figure 7 Loss of both DRP1A and DRP2B results in cell morphology defects and cytokinesis defects of cotyledon pavement cells. A, After staining
of 7-d-old seedlings with 200 lM PI for 20 min, epidermal cells of cotyledons were imaged using SDCM. Representative maximum-intensity pro-
jection images of PI uorescence are shown. Partial cell divisions are indicated with white arrowheads. 2� zoomed in regions are marked with
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with cell wall stubs per total number of pavement cells. n = 10–17 images containing multiple pavement cells/genotype with 2 to 3 images taken
from 8 to 10 different seedlings/genotype. Values are means ± SE with different letters denoting statistically signi cant difference and with same
letters indicating no statistically signi cant differences based on ordinary one-way ANOVA (P5 0.05). The experiment was repeated three times
with similar results using biologically distinct samples for each biological replicate. Col-0, WT; 1arsw9, drp1arsw9; 2b-2, drp2b-2; and 1arsw9 2b-2,
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PM hyperaccumulation of FLS2 in drp1a drp2b
double mutant seedlings does not induce increased
flg22 responses
As shown previously (Smith et al., 2014a) and in this study
(Figure 4, F and Supplemental Figures S3, C and D), FLS2
mRNA and FLS2 protein accumulation were similar in total
seedling extracts of drp1a and drp2b single mutants to
Col-0. In contrast, immunoblot analysis demonstrated that
the FLS2 protein hyperaccumulated in the drp1arsw9 drp2b
double mutant seedlings (Figure 6, C and Supplemental
Figure S7, A), potentially due to increased expression of FLS2
mRNA as determined by RT-qPCR (Supplemental Figure S7,
B). As a negative control, we created a drp1arsw9 drp2b fls2D
triple mutant that did not show any detectable FLS2 protein
or FLS2 mRNA accumulation (Supplemental Figures S7, A or
B, respectively). Additionally, loss of FLS2 did not alleviate
the stunted growth of the drp1arsw9 drp2b-2 double mutant
seedlings (Supplemental Figure S7, C), indicating that syner-
gistic role(s) of DRP1A and DRP2B in plant growth and de-
velopment were independent of FLS2.
To assess whether the hyperaccumulation of FLS2 protein

in the drp1a drp2b double mutant is associated with in-
creased levels of the receptor at the PM, we enriched for
PM proteins by depleting contaminating organelles through
a combination of differential centrifugation and Brij58-
treatment (Zhang and Peck, 2011; Collins et al., 2017, 2020).
Fractionation efficacy for seedling extracts was confirmed by
probing protein fractions from Col-0, drp single and double
mutants with organelle-specific antibodies (Figure 8, A and
Supplemental Figure S8). The soluble marker proteins actin
or MPK6 were present in total and soluble (S100) but de-
pleted from microsomal (M/P100) and enriched PM (ePM)
fractions; and the endoplasmic reticulum membrane marker
CALNEXIN1/2 (CNX) was associated with total and M/P100
but depleted from ePM fractions. The AHA H+-ATPases or
BRASSINOSTEROID INSENSITIVE 1 (BRI1) represented PM
marker proteins that were present in microsomes (M/P100)
and ePM but not in soluble (S100) fractions. In addition
to hyperaccumulation of FLS2 in total and microsomal
(M/P100) fractions, drp1a drp2b double mutants accumu-
lated FLS2 protein in the PM to higher levels relative to
Col-0 (Figure 8 and Supplemental Figure S8). No apparent
difference in FLS2 protein abundance in total, M/P100, and
ePM fractions was observed in drp1a and drp2b single
mutants compared with Col-0 seedling extract
(Supplemental Figure S8, A). drp1a drp2b double mutant
seedlings also showed an apparent increased abundance for
AHA H+-ATPases in M/P100 and ePM fractions (Figure 8,
A). However, the combinatorial loss of DRP1A and DRP2B
did not result in hyperaccumulation of all PM proteins as
BRI1, the PM-localized receptor kinase for brassinosteroid
signaling and implicated in plant immunity (Albrecht et al.,
2012; Belkhadir et al., 2012) showed similar protein accumu-
lation in microsomes (M/P100) and ePM in the drp1a drp2b
double mutant compared with Col-0 (Supplemental Figure
S8, B).

Notably, the increased accumulation of FLS2 in the PM in
drp1a drp2b double mutant seedlings did not result in in-
creased flg22 responses. Indeed, flg22-induced FRK1 mRNA
levels were significantly decreased in drp1a drp2b double
mutant seedlings compared with the respective single drp
mutants and Col-0 (Figure 8, B, drp1asalk drp2b-2;
Supplemental Figure S9, A, drp1arsw9 drp2b-2). This analysis
also uncovered tissue-specific differences in DRP1A function
for FRK1 mRNA accumulation. Flg22-induced FRK1 mRNA
levels in drp1a seedlings were increased relative to Col-0 and
drp2b (Figure 8, B and Supplemental Figure S9, A) while
FRK mRNA accumulation in mature leaves was similar be-
tween drp1a, drp2b, and Col-0 (Figure 3, B). Notably, FLS2
appeared to be signaling competent in drp1a drp2b seed-
lings for at least some responses because flg22-induced
mRNA accumulation for MYB51, an established flg22-
response marker gene in seedlings (Orosa et al., 2018), did
not show any apparent differences between Col-0, drp1a
drp2b double and drp single mutant seedlings (Figure 8, C,
drp1asalk drp2b-2 and Supplemental Figure S9, B, drp1arsw9

drp2b-2).
Given the increased level of FLS2 observed in the ePM

fraction of the drp1a drp2b double mutant (Figure 8 and
Supplemental Figure S8), we examined the combined contri-
bution of DRP1A and DRP2B in ligand-induced FLS2 endo-
cytosis. Homozygous drp1a drp2b double mutant seedlings
expressing FLS2-GFP were created by crossing drp1asalk/
DRP1A drp2b-2/drp2b-2 with Col-0 FLS2-GFP. Based on im-
munoblot analysis, drp1asalk drp2b-2 double mutant seed-
lings accumulated higher levels of FLS2-GFP compared with
Col-0, drp1asalk, and drp2b-2 single mutants (Supplemental
Figure S10). In agreement, drp1asalk drp2b-2 double mutants
showed an overall higher GFP fluorescence in cotyledon
pavement cells when utilizing the same SDCM imaging con-
ditions to compare Col-0, single and double drp mutants
expressing FLS2-GFP (Figure 8, D).
In contrast to WT cells that showed a robust increase in

intracellular FLS2-GFP puncta upon flg22 stimulation, we did
not observe an increase in the levels of FLS2-GFP puncta in
the drp1asalk drp2b-2 double mutant cotyledons in response
to flg22 as assessed by quantitative analysis of FLS2-GFP
puncta before (0 min) and after flg22 treatment (50–60
min; Figure 8, E). This result was different from that in
drp1asalk and drp2b-2 single mutants, which displayed a
flg22-induced increase in intracellular FLS2-GFP puncta, al-
beit to statistically reduced levels compared with Col-0
(Figure 8, D and E; see also Figure 5, C and D and
Supplemental Figure S5). Interpreting the ligand-induced
endocytosis defect for the drp1a drp2b double mutant,
however, was complicated by the presence of preexisting
FLS2-GFP-labeled structures of unknown origin in the drp1a
drp2b double mutant cells in the absence of any stimulus
(Figure 8, E; 0 min, –flg22). To address this issue, we calcu-
lated the number of FLS2-GFP puncta at 50–60 min as a
percentage of those at 0 min of the respective genotype.
Results from this analysis showed that flg22 elicitation did
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Figure 8 Loss of both DRP1A and DRP2B impairs some but not all flg22 responses and blocks ligand-induced endocytosis of FLS2-GFP. A, Using
differential centrifugation and immunoblot analysis, total homogenate (Total), soluble (S100), microsomal (M/P100), and ePM protein fractions
from drp1arsw9 drp2b-2 (1a2b) and Col-0 were probed with aFLS2 antibodies. AHA, CALNEXIN1/2 (CNX) and ACTIN served as markers for PM,
endoplasmic reticulum membrane, and soluble fractions, respectively, to confirm cellular fractionation. B and C, Seven-day-old seedlings of Col-0,
drp2b-2 (2b), drp1asalk (1a), drp1asalk drp2b-2 (1a 2b) were treated with 1 mM flg22 for 0 (h) or 2 h (�) to test for FRK1 (B) or MYB51 (C) mRNA
accumulation. Using RT-qPCR, relative mRNA levels for marker genes were measured and normalized to the reference SAND gene At2g28390.
Analysis included data pooled from two independent experiments with n = 8 samples/genotype for + flg22 and n = 7 samples/genotype for
–flg22. Each sample (n) consisted of four seedlings/biological sample for Col-0, drp2b, and drp1a single mutants and 15 seedlings/biological sample
for drp1a drp2b double mutants. For D–F, Col-0 FLS2-GFP, drp2b-2 FLS2-GFP, drp1asalk FLS2-GFP, and drp1asalk drp2b-2 FLS2-GFP homozygous
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not lead to any detectable increase in flg22-induced FLS2-
GFP puncta in drp1asalk drp2b-2 double mutant seedlings
(Figure 8, F). Consistent with a block in ligand-induced en-
docytosis and lack of FLS2-GFP removal from the PM, we
did not observe any apparent change in the PM intensity at
0 and 50–60 min after flg22 elicitation in the drp1asalk

drp2b-2 double mutant seedlings (Figure 8, G). In contrast,
the FLS2-GFP PM intensity for Col-0 was greatly reduced at
50–60 min after flg22 elicitation, which corresponded with
the increased number of intracellular FLS2-GFP puncta and
was in agreement with removal of activated FLS2-GFP from
the PM by ligand-induced endocytosis. Notably, both drp1a
and drp2b single mutants also showed a reduction in the
loss of PM fluorescence intensity relative to the WT Col-0
control; but consistent with the less severe endocytic defects
observed in the drp2b single mutant, there was a larger de-
crease in PM fluorescence signal intensity in the cells of the
drp2b mutant after flg22 treatment relative to the drp1a sin-
gle and drp1a drp2b double mutants (Figures 5, C and D,
and 8, D–G). Therefore, we conclude that loss of DRP1A
alone as well as the combinatorial loss of DRP1A and
DRP2B resulted in a severe defect in ligand-induced endocy-
tosis for FLS2-GFP.

Discussion
The ability of host cells to modulate their PM composition
is pivotal in regulating the strength, duration, and integra-
tion of host immune responses to microbial pathogens that
colonize the plant apoplast. In the case of the FLS2 immune
receptors, ligand-induced endocytosis has emerged as an ef-
fective means to attenuate a subset of flg22-signaling
responses (Smith et al., 2014a, 2014b). Similar to other plant
PM proteins that undergo endocytosis (Claus et al., 2018;
Reynolds et al., 2018; Ekanayake et al., 2019), the processes
of constitutive and ligand-induced internalization of FLS2
from the PM are likely complex and require the careful spa-
tiotemporal coordination of many vesicle components for
budding, maturation, and scission of the endocytic vesicles.
However, with the exception of the clathrin heavy chain iso-
form CHC2 (Mbengue et al., 2016) and DRP2B (Smith et al.,
2014a), little is known about the molecular machinery and
mechanisms involved in FLS2 endocytosis and signaling.
In this study, we demonstrated that a member of the

plant-specific DRP1 subfamily of GTPases, namely DRP1A,
previously implicated in CME in root cells (Bednarek and
Backues, 2010; Fujimoto and Tsutsumi, 2014), functions in

flg22-induced immune signaling, immunity against flagel-
lated Pto DC3000 bacteria, and ligand-induced endocytosis
of FLS2 (Figure 9). This work was primarily performed
in leaves and cotyledons because these are the biologically
relevant tissues that are primarily infected by Pto DC3000
(Xin et al., 2018) and in which FLS2 is expressed and
functions in plant immunity (Robatzek and Wirthmueller,
2013; Yu et al., 2017). Thus, the presented results advanced
the limited understanding of DRP1A’s physiological rele-
vance in areal tissues. Our genetic interaction studies indi-
cated that DRP1A functions synergistically with DRP2B in
regulating the PM abundance of FLS2 as well as in plant
growth and development, likely due to their roles in mem-
brane dynamics required for cytokinesis, cell expansion,

seedlings were treated with 1 mM g22 for 0 min (–) and 50–60 min ( + ) to examine ligand-induced endocytosis on the adaxial surface of the cot-
yledon epidermis using SDCM. D, Representative maximum-intensity projection images of FLS2-GFP uorescence. Scale bars = 10 mm.
E, Quanti cation of FLS2-GFP puncta as number of puncta per 1,000 mm2. F, Quanti cation of FLS2-GFP puncta as percent FLS2-GFP puncta rela-
tive to 0 min puncta for respective genotype. G, Quanti cation of PM intensity of FLS2-GFP at 50–60 min relative to the 0 min PM intensity for re-
spective genotypes. For E–G, n 18 images/genotype/treatment with at least six images each taken from three different seedlings/genotype/
treatment; and for the drp1a drp2b double mutant, 6–12 images each were taken from four to ve different seedlings/treatment. Values
are means ± SE with different letters denoting statistically signi cant difference and with same letters indicate no signi cant differences based on
ordinary one-way ANOVA (P 5 0.05). All experiments were performed at least three times with similar results using biologically distinct samples
for each biological replicate. PoncS, PonceauS; Col-0, WT; 2b-2, drp2b-2; 1asalk, drp1a069077; 1asalk 2b-2, drp1a069077drp2b-2; SDCM, spinning disc
confocal microscope; min, minutes.
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Figure 9 Model depicting DRP1A- and DRP2B-dependent ligand-in-
duced endocytosis of FLS2. In Arabidopsis, loss of either DRP1A or
DRP2B results in reduced g22-induced endocytosis of the pattern
recognition receptor FLS2 compared with WT Col-0. As indicated by
the dotted and dashed arrows, respectively, the drp1a single mutant is
more compromised than the drp2b single mutant in FLS2 endocytosis
after elicitation with the bacterial PAMP g22. The combinatorial loss
of DRP1A and DRP2B leads to a block in ligand-induced endocytosis
of FLS2. For the drp1a drp2b double mutant, impaired constitutive en-
docytosis likely contributes to hyperaccumulation of FLS2 at the PM
in the absence of any stimulus. DRP, DYNAMIN RELATED PROTEIN;
g22, active 22-amino acid peptide derivative from bacterial agellin;
FLS2, FLAGELLIN SENSING2; PAMP, pathogen-associated molecular
pattern.
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trafficking of PM proteins, and/or cellulose accumulation
(Kang et al., 2001; Collings et al., 2008; Mravec et al., 2011;
Yoshinari et al., 2016; Marhava et al., 2020).
We report here that loss of DRP1A function results in dif-

ferential effects on flg22 signaling responses, providing addi-
tional support to the evolving concept that flg22 signaling is
a signaling network that consists of at least three different
branches rather than a simple linear pathway (Korasick
et al., 2010; Tena et al., 2011; Smith et al., 2014a, 2014b).
More specifically upon flg22 elicitation in leaf tissue
(Figures 3 and 4 and Supplemental Figure S3), drp1a
mutants exhibited increased accumulation of PHI1 mRNA,
ROS, and callose, indicating that DRP1A contributes nega-
tively to the ROS/CDPK-dependent branch. Conversely, loss
of DRP1A caused a decrease in PR1 mRNA accumulation, in-
dicating a positive role for DRP1A in the SA-dependent
branch of flg22 responses. Lastly, we did not observe any ap-
parent flg22-response defects in WRKY33, WRKY40, and
FRK1 mRNA accumulation, indicating no apparent role of
DRP1A in modulating the MAPK-dependent branch of the
flg22-signaling network in leaf tissue. This combination of
phenotypic defects was reminiscent to that previously de-
scribed for drp2b mutant leaves (Smith et al., 2014a; Leslie
et al., 2016), indicating that these two DRPs appear to mod-
ulate flg22 signaling in a similar manner, potentially by af-
fecting a similar set of proteins with immune functions.
Such a scenario is consistent with previous studies showing
subcellular co-localization and intermolecular interaction be-
tween DRP1A and DRP2B (Fujimoto et al., 2008, 2010).
We propose several, not mutually exclusive, explanations

for the observed differential effects of loss of DRP1A on dis-
tinct branches of the flg22-signaling network. First, DRP1A
may participate in removing FLS2 from its site of function
(the PM) to attenuate flg22-signaling. This hypothesis, in
which ligand-induced endocytosis of FLS2 would serve to
dampen immune signaling, is supported by our findings that
impaired flg22-induced endocytosis of FLS2 was linked to in-
creased early flg22-signaling responses in drp1a (Figures 4, 5,
8, B). Notably, the observed enhancement in flg22-signaling
in drp1a mutants was apparent when assessing flg22
responses in the same tissue (cotyledons) and the same de-
velopmental stage (7-d-old seedlings) used for ligand-
induced endocytosis of FLS2. drp1a mutant seedlings dis-
played a more severe defect in ligand-induced endocytosis
of FLS2 than drp2b (Figures 5, C and D, 8, D–G and
Supplemental Figure S5) that was accompanied by a more
pronounced increase in flg22-induced ROS (Figure 5, A and
B) and FRK1 mRNA accumulation (Figure 8, B) compared
with those observed in drp2b seedlings. Another explanation
for how loss of DRP1A may affect the distinct flg22-signaling
branches differently is that DRP1A may modulate the locali-
zation and/or activity of other proteins that differ in their
spatial localization and/or temporal contribution to flg22-
signaling. Such a scenario may also explain why DRP1A had
a positive role in mRNA accumulation of PR1 (Figure 3, A),
a late flg22 response that is under the regulation of

chloroplastic-derived SA (Yu et al., 2017; Xin et al., 2018);
but it played a negative role in flg22-induced callose deposi-
tion (Figure 4, D and E), a late flg22 response previously
shown to be dependent on PM-localized RESPIRATORY
BURST OXIDASE PROTEIN D and CALLOSE SYNTHASE12
(Smith et al., 2014a; Leslie et al., 2016).
Our findings also raised the question as to why drp1a dis-

played a more severe defect in ligand-induced endocytosis
of FLS2 relative to drp2b mutant seedlings (Figures 5, C and
D, 7, D–F). A potential answer may be provided by previ-
ously described findings for DRP1A. As indicated in
Fujimoto and Tsutsumi (2014), DRP1A’s GTPase domain
(62%) shows higher amino acid identity to human dynamin
than that of DRP2 (29%). Considering that GTPase activity
of animal dynamins is critical for release of CCVs from the
PM (Ramachandran and Schmid, 2018), DRP1A may con-
tribute more substantially to the GTPase activity than
DRP2B for scission of endocytic vesicles that contain FLS2.
Another possibility may be that DRP1A’s function in main-
taining high lipid-order sterol-rich domains (Frescatada-Rosa
et al., 2014) adds to effective ligand-induced endocytosis of
FLS2. In light of a recent report that implicates sterols in
flg22-induced FLS2 endocytosis (Cui et al., 2018), it is tempt-
ing to speculate that loss of DRP1A causes a disruption in
sterol-rich domains, which in turn may contribute to im-
paired FLS2 endocytosis after flg22 elicitation.
As shown by biochemical fractionation and live cell imag-

ing (Figure 8, A, D–G and Supplemental Figure S10), the
combinatorial loss of DRP1A and DRP2B resulted in hyper-
accumulation of FLS2 in the PM in the absence of any stim-
ulus, likely due to severely impaired constitutive endocytosis
of FLS2. However, the elevated levels of PM-associated FLS2
were not linked to increased cellular responsiveness
(Figure 8, B and C and Supplemental Figure S9). In fact,
DRP1A and DRP2B showed a synergistic reduction in flg22-
induced FRK1 mRNA accumulation in the drp1a drp2b dou-
ble mutant (Figure 8, B and Supplemental Figure S9, A).
Based on these findings, we speculate that the combined
loss of DRP1A and DRP2B results in a change in some frac-
tion of the total pool of FLS2 into a form that is unable to
perceive and/or elicit flg22 responses; but the underlying cell
biological mechanisms that allow FLS2 to be or become sig-
naling competent remain largely unknown. Notably, PM
abundance of another PM receptor, BRI1, was not appar-
ently altered in drp1a drp2b double mutant seedlings de-
spite the fact that both BRI1 and FLS2 have been shown to
require clathrin for their internalization (Irani et al., 2012;
Mbengue et al., 2016). In agreement with our findings that
FLS2 but not BRI1 required DRP1/2 family members to
modulate its PM accumulation, viral-induced silencing of
multiple DRP2 paralogs in Nicotiana benthamiana impairs
ligand-induced FLS2 internalization but does not affect inter-
nalization of BRI1 (Chaparro-Garcia et al., 2015). Previous
studies show that in contrast to FLS2, BRI1 relies primarily
on constitutive endocytosis for signal attenuation (Irani
et al., 2012), and that FLS2 and BRI1 spatially separate into

12 | PLANT PHYSIOLOGY 2021: Page 12 of 17 Ekanayake et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiab024/6127190 by guest on 11 M

arch 2021

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab024#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab024#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab024#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab024#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab024#supplementary-data


distinct PM nanodomains (Bücherl et al., 2017). Based on
these differences between FLS2 and BRI1, it is conceivable
that these two PM receptors may require distinct endocyto-
sis accessory proteins to fine-tune and regulate their PM
abundance for dampening responses through effective
endocytosis.
Increasing evidence points at lipid microdomains as con-

tributors to lateral mobility, distribution, and complex for-
mation of FLS2 with other immune components within the
plant PM, which in turn impact effective flg22-signaling, li-
gand-induced endocytosis, and/or protein accumulation of
FLS2 in a spatiotemporal manner (Keinath et al., 2010;
Bücherl et al., 2017; Cui et al., 2018; Yang et al., 2019).
Considering that (a) DRP1A contributes to maintaining
sterol-rich domains (Frescatada-Rosa et al., 2014) and
(b) DRP1A, DRP2B, FLS2, and other PM proteins with im-
mune functions are present in sterol-rich, detergent-resistant
membranes (Keinath et al., 2010; Frescatada-Rosa et al.,
2014), it will be interesting to assess in the future whether
loss of DRP1A and/or DRP2B alters the spatiotemporal
movement of FLS2 or other PM proteins functioning early
with FLS2 in flg22-signaling (Tian et al., 2019; Lee et al., 2020;
Ma et al., 2020) within the PM. Furthermore, the drp1a
drp2b double and single mutants will serve as important ge-
netic tools to understand how individual flg22-signaling
branches are regulated and/or integrated into effective im-
mune responses to restrict pathogen infection.

Materials and methods

Plant materials and growth conditions
Arabidopsis (A. thaliana) mutants drp2b-2 (SALK_134887;
Backues et al., 2010), drp1arsw9 (Collings et al., 2008),
drp1asalk (SALK_069077; Boutté et al., 2010), and fls2D
(SALK_93905; Smith et al., 2014b) have been previously de-
scribed. All mutants were in the Col-0 ecotype background.
Homozygous drp1asalk drp2b-2 double, drp1arsw9 drp2b-2
double, or drp1arsw9 drp2b-2 fls2D triple mutants were gen-
erated by pollinating drp2b-2 or drp2b-2 fls2D stigmas with
pollen from respective drp1a mutant lines. drp1asalk drp2b-2
double, drp1arsw9 drp2b-2 double, or drp1arsw9 drp2b-2 fls2D
triple mutant lines were propagated as DRP1A/drp1asalk

drp2b-2/drp2b-2 double, DRP1A/drp1arsw9 drp2b-2/drp2b-2
double, or DRP1A/drp1arsw9 drp2b-2/drp2b-2 fls2D/fls2D mu-
tant plants, respectively. drp1arsw9 FLS2-GFP, drp1asalk FLS2-
GFP, and drp1asalk drp2b-2 FLS2-GFP lines were generated by
pollinating stigma of FLS2Pro:FLS2-3xMyc-EGFP (Beck et al.,
2012; Smith et al., 2014a) with pollen from DRP1A/drp1arsw9

drp2b-2/drp2b-2 or DRP1A/drp1asalk drp2b-2/drp2b-2 mu-
tant plants.
Genotyping was performed using standard PCR techni-

ques with allele-specific primers (Supplemental Table S1).
CAPS analysis was used to confirm the drp1arsw9 point mu-
tation. A PCR fragment spanning the point mutation was
PCR amplified using DRP1A primers (Supplemental Table S1;
DRP1Arsw9 Short F and DRP1Arsw9 Short R) and directly sub-
jected to restriction enzyme digest using HinfI with HinfI

cleaving DRP1A WT (Col-0) but not drp1arsw9 mutant frag-
ment due to a point mutation in drp1arsw9 at 2,314 bp
(Collings et al., 2008; Supplemental Figure S1, B).
Seeds were surface-sterilized, germinated, and grown on

0.5� Murashige and Skoog (MS) medium +1% (w/v) su-
crose solidified with 0.6% (w/v) agar (MS plates), in a 16-h
light/8-h dark cycle photoperiod using 82 lmol m–2 s–1.
Experiments utilizing double or triple mutants were per-
formed on progeny derived from DRP1A/drp1a drp2b-2/
drp2b-2 or DRP1A/drp1a drp2b-2/drp2b-2 fls2D/fls2D, re-
spectively. Unless specified otherwise, 7-d-old seedlings were
used for all seedling assays. For leaf assays, 7-d-old seedlings
were transplanted into soil and grown at 22�C in a 8-h
light/16-h dark cycle photoperiod at 82 lmol m–2 s–1 for in-
dicated times. Except for tissue infiltration, seedlings or leaf
tissues were floated on sterile dH2O overnight at 22�C to re-
duce wounding response prior to any flg22-assay.

Silique length, root length, and fresh weight
measurements
For silique and root length measurements, self-pollinated sili-
ques from 8- to 10-week-old plants and roots from 7-d-old
seedlings grown at 24 h light, respectively, were traced using
Fiji Free-hand tool. The same seedlings used for root meas-
urements were utilized for fresh weight measurements.

Flg22 peptide
Active flg22 (QRLSTGSRINSAKDDAAGLQIA) peptide
(Gómez-Gómez and Boller, 2000; Smith et al., 2014b) was
made by GenScript (Scotch Plains, NJ) and used at indicated
concentrations.

RNA isolation and RT-qPCR
For leaf assays in mature plants, three leaves of 5- to 6-
week-old plants were syringe-infiltrated with flg22 at indi-
cated concentrations and for indicated times for each geno-
type and treatment. For seedling assays, 4 seedlings of Col-0
or drp single mutants and 15 seedlings of drp1a drp2b dou-
ble mutants were used. Total RNA was isolated from indi-
cated tissue using Trizol Reagent (Sigma) according to the
manufacturer’s protocol and processed for cDNA synthesis.
Reverse transcription quantitative PCR (RT-qPCR) was per-
formed as previously described (Anderson et al., 2011; Smith
et al., 2014a) using gene-specific primers (Supplemental
Table S1) with the SAND gene At2g28390 as a reference
gene.

Apoplastic ROS production
Luminol-based ROS production in leaf tissue was performed
as described (Heese et al., 2007; Smith et al., 2014a) using in-
dicated flg22 concentrations. For FLS2-GFP tagged lines, ROS
assays were performed on 7- to 8-d-old cotyledons that
were cut in half and placed into the same well of a 96-well
microplate for elicitation (Smith et al., 2014a). All ROS
experiments shown in the same panel were performed in
the same 96-well plate simultaneously to allow for direct
comparison.
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Bacterial pathogen assays
Syringe infiltration with P. syringae pv. tomato (Pto) DC3000
(OD600 = 0.0005) or Pto DC3000 hrcC– (OD600 = 0.02), col-
lection of leaf discs, and quantification of bacterial growth
using serial dilution plating were performed as previously de-
scribed (Korasick et al., 2010), except that three leaf discs
were ground in 300 ll dH2O before serial dilution plating.

Callose deposition and quantification
Leaves were syringe-infiltrated with indicated flg22 concen-
trations or DMSO (mock). At 24 h post-infiltration, leaf discs
(0.2 cm2) were processed for aniline-blue staining as de-
scribed previously (Leslie et al., 2016; Mason et al., 2020).
Callose deposits were visualized by ultraviolet (UV) epifluor-
escence using a Leica M205 FA microscope (Leica
Microsystems Inc.; Buffalo Grove, IL, USA). The percent area
of the leaf disc covered by callose deposits was quantified
using Fiji (Fiji is just ImageJ; NIH) software and the Trainable
Weka Segmentation plug-in for Fiji/ImageJ as described in
Leslie et al. (2016) and Mason et al. (2020).

SDCM for FLS2-GFP endocytosis and PI staining
Live-cell imaging for FLS2-GFP endocytosis and PI staining
were carried out using a custom Olympus IX-71 inverted
microscope (Center Valley, PA) equipped with a Yokogawa
CSU-X1 5000 rpm spinning disc unit (Tokyo, Japan), Andor
iXon Ultra 897 High-Speed EMCCD camera (Belfast, UK),
PZ-2000 XYZ series automated stage with Piezo Z-axis top
plate (Applied Scientific Instrumentation; Eugene, OR), and
a 60� -silicon oil objective (Olympus UPlanSApo 60�/1.30
Sil). Images were captured using Andor iQ3 software
(Belfast, UK).
For FLS2-GFP endocytosis experiments, 6-d-old Col-0 FLS2-

GFP, drp2b-2 FLS2-GFP, drp1asalk FLS2-GFP, drp1arsw9 FLS2-
GFP, or drp1asalk drp2b-2 FLS2-GFP seedlings were treated
with 1 lM flg22 and assayed for indicated times as de-
scribed previously in detail (Smith et al., 2014a; Leslie and
Heese, 2017). The epidermal pavement cell layer of the adax-
ial cotyledon surface of at least four different seedlings was
imaged per genotype/treatment with three to six fields of
view for each cotelydon. GFP was excited with a Spectra
Physics 488-nm diode laser (Santa Clara, CA), and fluores-
cence was collected through a series of Semrock Brightline
488-nm single-edge dichroic beam splitter and 500–550-nm
bandpass filter (Rochester, NY). Camera exposure was set to
150 ms. For each image series, 68 consecutive images at a z-
step interval of 0.31 lm (22 lm total depth) were captured.
FLS2-GFP quantification was carried out using Fiji software
and Advanced Weka Segmentation plug-ins for Fiji as previ-
ously described (Smith et al., 2014a; Leslie and Heese, 2017).
Measuring levels of FLS2-GFP at the PM (FLS2-GFP PM in-

tensity) was performed as detailed previously (Smith et al.,
2014a) with minor changes, in that the same maximum in-
tensity projection images used for FLS2-GFP puncta quantifi-
cation were utilized for FLS2-GFP PM intensity. PM regions
were highlighted with the freehand tool using Fiji and subse-
quently analyzed for mean pixel intensity. For each image,

the FLS2-GFP PM intensity was measured in five different
PM regions, and the FLS2-GFP PM intensity was calculated
as the average value of the pixel intensity. For each genotype
and treatment, FLS2-GFP PM intensities were reported rela-
tive to the FLS2-GFP PM intensity of the un-elicited corre-
sponding genotype at 0 min.
For PI staining, 7-d-old seedlings were rinsed in dH2O,

stained with 200 lM PI (MP Biomedicals, Solon, OH) for 20
min at room temperature in the dark, rinsed again, and
then imaged using SDCM. PI was excited with a Spectra
Physics 561-nm diode laser (Santa Clara, CA), and fluores-
cence was collected through a series of Semrock Brightline
561-nm polychroic mirror and 561-nm bandpass filter
(Rochester, NY). Camera exposure was set to 150 ms. A Z
series of 40 images was taken with total Z depth of 12.4 lm
and images of Z series were collapsed to obtain maximum
intensity projections. Using the multipoint tool in Fiji, cell
wall stubs were quantified by counting the number of cell
wall stubs and the number of pavement cells in an image,
which were then used to calculate the percent of cell wall
stubs of the total number of pavement cells for each
genotype.

Protein sample preparation, immunoblot analysis,
and antibodies
Sample preparation and immunoblot analysis of total, solu-
ble, and microsomal proteins were performed as previously
described (Heese et al., 2007; Smith et al., 2014b;
LaMontagne et al., 2016) with 25 or 20 mg loaded per well
for leaf or seedling extracts, respectively. The following anti-
body dilutions were used: aDRP2, 1:4,000 (Backues et al.,
2010); aDRP1A, 1:1,000 (Kang et al., 2003); 1:400 aFLS2
(Heese et al., 2007), 1:500 aBRI1 (kind gift of Marisa Otegui;
Wu et al., 2011), 1:3,000 aMPK6 (Merkouropoulos et al.,
2008), 1:500 aGFP (JL-8; Clontech Laboratories), 1:10,000
aAHA (AS07 260; Agrisera), 1:3,000 aCNX (AS12 2365;
Agrisera; LaMontagne et al., 2016), and 1:300 actin (JLA20;
Developmental Studies Hybridoma Bank (DSHB)),

PM enrichment from seedlings
Enrichment of PMs (ePM) from 7-d-old seedlings grown in
16-h light/8-h dark were performed as described (Collins
et al., 2017, 2020) with the following changes. For Col-0,
drp2b-2 and drp1a single mutants approximately 400 seed-
lings/genotype, and for the drp1a drp2b double mutants,
800 seedlings/genotype were flash-frozen in liquid nitrogen
and processed for ePM using differential centrifugation and
0.02% (w/v) Brij-58 at a protein-to-detergent ratio of 1 lg
microsomal protein to 2 lL 0.02% (w/v) Brij-58 solution.
Final pellet fractions (ePM) were resuspended to 1.5 lg/lL
for immunoblot analysis.

Statistical analysis
Each experiment represented a biological replicate that con-
sisted of biologically distinct samples and was performed at
least three independent times with similar results. For each
experiment, mutant samples were compared with Col-0 WT
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samples, and statistical analyses were performed using n val-
ues with each n representing a biological sample as detailed
in each figure legend. Statistical significances were based on
ordinary one-way ANOVA as stated in the figure legends.
Statistical significances were determined with GraphPad
Prism 8.3.1 software (La Jolla, CA). Grubbs test with the
Alpha = 0.05 (standard) was performed on the data sets to
calculate outliers using GraphPad QuickCalcs outlier calcula-
tor (https://www.graphpad.com/quickcalcs/Grubbs1.cfm).

Accession numbers
DRP1A, AT5G42080; DRP2B, AT1G59610; FLS2, AT5G46330;
WRKY33, AT2G38470; WRKY40, AT1G80840; PR1,
AT2G14610; PHI1, AT1G35140; FRK1, AT2G19190; BRI1,
AT4G394000.

Supplemental data
Supplemental Figure S1. Isolation and confirmation of
drp1a mutant alleles.
Supplemental Figure S2. Loss of DRP1A results in re-

duced rosette leaf size compared with drp2b and Col-0
plants.
Supplemental Figure S3. drp1a mutant plants show simi-

lar accumulation of WRKY33 mRNA, WRKY40 mRNA, FLS2
mRNA, and FLS2 protein to Col-0.
Supplemental Figure S4. FLS2-GFP and endogenous FLS2

protein accumulation is similar in drp1a and Col-0 seedlings.
Supplemental Figure S5. Similar to drp1asalk, cotyledons

of drp1arsw9 mutant seedlings show impaired flg22-induced
endocytosis of FLS2-GFP.
Supplemental Figure S6. Steady-state accumulation of

DRP1A and DRP2B mRNA in drp single and double mutant
seedlings.
Supplemental Figure S7. drp1a drp2b double mutants

hyperaccumulate FLS2 protein and FLS2 mRNA.
Supplemental Figure S8. Combinatorial loss of DRP1A

and DRP2B results in hyperaccumulation of FLS2 but not
BRI1.
Supplemental Figure S9. Combinatorial loss of DRP1A

and DRP2B results in reduced FRK1 but not MYB51 mRNA
accumulation in response to flg22.
Supplemental Figure S10. FLS2-GFP and endogenous

FLS2 proteins hyperaccumulate in drp1asalk drp2b-2 FLS2-
GFP mutant lines.
Supplemental Table S1. Primer list.
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Supplemental Figure S1. Isolation and confirmation of drp1a mutant alleles.

A, Gene structure of DRP1A (At5g42080). Position of T-DNA insertional allele

(black arrowhead) and position of point mutation (black mark) relative to coding

sequence (black bars), introns (black lines), and 5’ and 3’ untranslated region (gray

bar). B, CAPS analysis to identify drp1arsw9 homozygous mutant plants. Due to the
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(477 bp). C, PCR genotyping using gene specific primers for DRP1 confirmed the
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5mm. E, Quantification of matured silique length measured using Fiji open source

software (n = 10). Values are means ± SE; and different letters denote statistically

significant difference and same letter indicate no significant difference based on

Ordinary one-way ANOVA (p < 0.05). Experiments were repeated at least 3 times

with similar results using biologically distinct samples for each biological replicate.
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Supplemental Figure S2. Loss of DRP1A results in reduced
rosette leaf size compared to drp2b and Col-0 plants.

Rosette leaves of both independent drp1asalk and drp1arsw9

mutant alleles were smaller than Col-0 and drp2b-2 in 5- to 6-
week-old plants grown for pathogen and flg22-assays. Scale
bar = 2 cm. Rosettes of different genotypes were digitally
extracted from the same image and aligned for comparison.
Experiment was repeated at least 3 times with similar results
using biologically distinct samples for each biological
replicate. Col-0, wild-type; drp1asalk, drp1a069077.

Col-0 drp2b-2
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Supplemental Figure S3. drp1a mutant plants show similar accumulation of

WRKY33 mRNA, WRKY40 mRNA, FLS2 mRNA and FLS2 protein to Col-0.

A and B, For WRKY33 mRNA and WRKY40 mRNA, 0.1 µM flg22 was infiltrated for

0 min (□) or 30 min (■) into leaves of 5-to 6-week-old Col-0 or drp1 mutant plants. n
= 3 biological samples/genotype/treatment as described in Fig. 3. C, Steady-state

accumulation of FLS2 mRNA. n = 6 biological samples/genotype. For A-C, each n

consisted of 3 leaf punches collected from 1 to 2 plants. Relative mRNA levels for

each gene were measured using RT-qPCR and normalized to the reference SAND gene

At2g28390. Values are means ± SE with different letters indicating statistically

significant differences, and the same letter indicating no statistically significant

difference based on one-way ANOVA (p < 0.05). D, Immunoblot analysis of steady-

state FLS2 protein levels. Total protein extracts from leaves of 5-6 weeks old Col-0,

drp2b and drp1a mutants were probed by immunoblot analysis with antibodies against

FLS2. αDRP2 antibody confirmed reduced DRP2 protein accumulation in drp2b-2

with the residual DRP2 protein detected by the αDRP2 antibody corresponding to the

close paralog DRP2A. αDRP1A antibody confirmed no detectable DRP1A protein

accumulation in drp1arsw9 mutant. MPK6 antibody served as loading control. Each

experiment was performed at least three times with similar results using biologically

distinct samples for each biological replicate. Col-0, wild-type (white bar); 1arsw9,

drp1arsw9 (black bar); 1asalk, drp1a069077 (gray bar with black stripes) and 2b-2, drp2b-

2 (gray bar).
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Supplemental Figure S4. FLS2-GFP and endogenous FLS2 protein

accumulation is similar in drp1a and Col-0 seedlings.

Using immunoblot analysis, total protein extracts from 7-day-

oldseedlings of drp1asalk FLS2-GFP, drp2b-2 FLS2-GFP and Col-0

FLS2-GFP were probed with αFLS2 and αGFP antibodies. αFLS2

antibody detected both endogenous FLS2 (white arrowhead) and FLS2-

GFP (black arrowhead). αGFP antibody detects FLS2-GFP (black

arrowhead). αMPK6 served as a loading control. The experiment was

repeated three times with similar results using biologically distinct

samples for each biological replicate. Col-0, wild-type.



Supplemental Figure S5. Similar to drp1asalk, cotyledons of drp1arsw9

mutant seedlings show impaired flg22-induced endocytosis of FLS2-GFP.

For A and B, Col-0 FLS2-GFP (WT) and drp1arsw9 FLS2-GFP (1arsw9 FLS2-

GFP) seedlings were treated with 1 µM flg22 for 0 and 50-60 min to examine

for ligand-induced endocytosis in adaxial surface of cotyledon epidermis using

SDCM. A, Representative maximum-intensity projection images of FLS2-GFP

fluorescence. Scale bars = 10 µm. B, Quantification of FLS2-GFP puncta at

indicated times post-elicitation with n ≥ 18 images/genotype/treatment with at

least 6 images each taken from 3 different seedling per genotype and

treatment. Values are means ± SE. different letters denote statistically

significant difference and with same letter indicating no statistically

significant difference based on Ordinary one-way ANOVA (p < 0.05).

Experiment was repeated five times with similar results using biologically

distinct samples for each biological replicate. Min; minutes.
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Supplemental Figure S6. Steady-state accumulation of DRP1A and

DRP2B mRNA in drp single and double mutant seedlings.

A and B, Using RT-qPCR, steady-state DRP1A mRNA (A) and DRP2B

mRNA (B) was measured in 7-day-old seedlings and normalized to the

reference SAND gene At2g28390. n = 3-4 samples/genotype, with each

biological sample (n) containing 4 seedlings for Col-0 and single drp

mutants and 15 seedlings for double mutants. Values are means ± SE with

different letters indicating statistically significant differences and with same

letter indicating no statistically significant difference based on one-way

ANOVA (P < 0.05). Each experiment was repeated at least 5 times with

similar results using biologically distinct samples for each biological

replicate. Col-0, wild-type (white bar); 1arsw9, drp1arsw9 (black bar); 1asalk,

drp1a069077 (gray bar with black stripes), 2b-2, drp2b-2 (gray bar), 1arsw9 2b-

2, drp1arsw9 drp2b-2 (black bar with white stripes); and 1asalk 2b-2,

drp1a069077 drp2b-2 (gray bar with white dots).
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Supplemental Figure S7. drp1a drp2b double mutants hyperaccumulate

FLS2 protein and FLS2 mRNA

A, Using immunoblot analysis, total protein extracts from 7-day-old

seedlings were probed with αFLS2 antibodies. αMPK6, αCNX and

PonceauS served as loading controls. B, Using RT-qPCR, steady-state FLS2

mRNA was measured in 7-day-old seedlings and normalized to the

reference SAND gene At2g28390. n = 3-4 samples/genotype, with each

biological sample (n) containing 4 seedlings for Col-0 and single drp

mutants and 15 seedlings for drp double and triple mutants. C,

representative image of 7-day-old seedlings showing that additional loss of

FLS2 did not suppress the stunted seedling growth of the drp1a drp2b

double mutant. Scale bar = 5 mm. Values are means ± SE with different

letters indicating statistically significant differences and with same letter

indicating no statistically significant difference based on one-way ANOVA

(P< 0.05). Each experiment was repeated at least 3 times with similar results

using biologically distinct samples for each biological replicate. CNX,

CALNEXIN1/2; PoncS, PonceauS; Col-0, wild-type (white bar); 1arsw9,

drp1arsw9 (black bar); 2b-2, drp2b-2 (gray bar), 1arsw9 2b-2, drp1arsw9 drp2b-

2 (black bar with white stripes); and 1arsw9 2b-2 fls2, drp1arsw9 drp2b-2

fls2𝛥 (white bar with black dots).



Supplemental Figure S8. Combinatorial loss of DRP1A and DRP2B
results in hyperaccumulation of FLS2 but not BRI1.

A, Immunoblot analysis of Total, M/P100, and ePM protein fractions from in
7-to-8-day-old drp1arsw9, drp2b-2, drp1arsw9 drp2b-2 and Col-0 seedlings
were probed with FLS2 antibodies. CALNEXIN1/2 (CNX) served as ER
membrane marker protein. B, Immunoblot analysis of Total, M/P100, and ePM
protein fractions from drp1arsw9 drp2b-2 and Col-0 were probed with FLS2
and BRI1 antibodies. MPK6 served as soluble marker protein. PoncS served
as loading control. Each experiment was repeated at least three times with
similar results using biologically distinct samples for each biological
replicate. Col-0, wild-type; 1arsw9, drp1arsw9; 2b-2, drp2b-2; 1arsw9 2b-2,
drp1arsw9 drp2b-2; M/P100, Microsomes/Pellet100; ePM, enriched plasma
membrane, PoncS, Ponceau S.
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Supplemental Figure S9. Combinatorial loss of DRP1A and DRP2B

results in reduced FRK1 but not MYB51 mRNA accumulation in

response to flg22.

A and B, 7-day-old seedlings of Col-0, drp2b-2, drp1arsw9, drp1arsw9 drp2b-2

were treated with 1 µM flg22 for 0 h (□) or 2 h (■). Using RT-qPCR was

measured for FRK1 (A) and MYB51 (B) mRNA and normalized to the

reference SAND gene At2g28390. n = 4 samples/genotype for +flg22 and n

= 3 samples/genotype for –flg22. Each sample (n) consisted of 4

seedlings/sample for Col-0, drp2b and drp1a single mutants and 15

seedlings/sample for drp1a drp2b double mutants. Values are means ± SE

with different letters indicating statistically significant differences and with

same letter indicating no statistically significant difference based on one-

way ANOVA. All experiments were performed at least 3 times with similar

results using biologically distinct samples for each biological replicate. Col-

0, wild-type; 1arsw9, drp1arsw9; 2b-2, drp2b-2; 1arsw9 2b-2, drp1arsw9 drp2b-2.
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Supplemental Figure S10. FLS2-GFP and endogenous FLS2 proteins

hyperaccumulate in drp1asalk drp2b-2 FLS2-GFP mutant lines.

For drp1asalk drp2b-2 FLS2-GFP, drp1asalk FLS2-GFP, drp2b-2 FLS2-

GFP and Col-0 FLS2-GFP, total protein extracts from 7-day-old

seedlings were probed with αDRP1A, αDRP2 and αFLS2 antibodies.

PoncS serve as a loading control. αFLS2 antibody detects both

endogenous FLS2 (white arrowhead) and FLS2-GFP (black arrowhead).

All experiments were performed 3 times with similar results using

biologically distinct samples for each biological replicate. Col-0 FLS2-

GFP, Col-0; 1asalk 2b-2 FLS2-GFP, drp1a069077 drp2b-2 FLS2-GFP; 1asalk

FLS2-GFP, drp1a069077 FLS2-GFP; 2b-2 FLS2-GFP, drp2b-2 FLS2-GFP;

PoncS, Ponceau S.
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Supplemental Table S1. Primer list. List of oligonucleotide sequences used as primers.  

Purpose Primer Name Sequence (5'-3') Cycle 

#  

 

 

Numb

er 

References 

CAPS 
DRP1A

rsw9 
Short F 

ATCTTGCTACCTCAGATGCA 30 Collings et al., 2008 

CAPS 
DRP1A

rsw9 
Short R 

ATCTGCTTGGGAACGGTTGA 30 Collings et al., 2008 

genotyping 
drp1a

salk 
F  

CTTACTTCCACTGCATCCGTC 30 This study 

genotyping 
drp1a

salk 
R 

AGAGTTTCTTCACCTCCCGAG 30 This study 

genotyping drp2b-2-LP ATAGCCTAATTGGGCATCCAG 30 Backues et al., 2010 

genotyping drp2b-2-RP TATAGCATCGTTGTGCTGTGC 30 Backues et al., 2010 

genotyping FLS2-3xMyc-EGFP F AAACTTGGAGGACACCATTCAC 30 Smith et al., 2014a 

genotyping FLS2-3xMyc-EGFP R TGTTCACCGTTCAAGTCTTCCTC 30 Smith et al., 2014a 

genotyping LBb1 GCGTGGACCGCTTGCTGCAACT 30 Smith et al., 2014a 

2020142014aMYB51 

 

RT-qPCR At2g28390 F AACTCTATGCAGCATTTGATCCACT 40 Korasick et al., 2010 

RT-qPCR At2g28390 R TGATTGCATATCTTTATCGCCATC 40 Korasick et al., 2010 

RT-qPCR DRP1A F AGCAAGGTTACCGTCGTCTC 40 This study 

RT-qPCR DRP1A R AGATAGCATGAACGGTGTCAAC 40 This study 

RT-qPCR DRP2B F GTGAACATGCACAGCACAAC 40 This study 

RT-qPCR DRP2B R GCTGCCTGATCAATTTTGCTG 40 This study 

RT-qPCR FLS2 F TCTGATGAAACTTAGAGGCAAAGCG 40 Smith et al., 2014b 

RT-qPCR FLS2 R CGTAACAGAGTTTGGCAAAGTCG 40 Smith et al., 2014b 

RT-qPCR MYB51 F ACGTGTTCTTCGTCCACG 40 Orosa et al., 2018 

RT-qPCR MYB51 R TAGACCGGCGTCACATC 40 Orosa et al., 2018 

RT-qPCR PHI1 F TTGGTTTAGACGGGATGGTG 40 Smith et al., 2014a 

RT-qPCR PHI1 R ACTCCAGTACAAGCCGATCC 40 Smith et al., 2014a 

RT-qPCR PR1 F GCAATGGAGTTTGTGGTCAC 40 Korasick et al., 2010 

RT-qPCR PR1 R GTTCACATAATTCCCACGAGG 40 Korasick et al., 2010 

RT-qPCR WRKY33 F AGCAAAGAGATGGAAAGGGGACAA 40 Smith et al., 2014a 

RT-qPCR WRKY33 R GCACTACGATTCTCGGCTCTCTCA 40 Smith et al., 2014a 

RT-qPCR WRKY40 F TGCGAGTTGAAGAAGATCCACCGA 40 Smith et al., 2014a 

RT-qPCR WRKY40 R TCCGAGAGCTTCTTGTTCTCAGCA 40 Smith et al., 2014a 
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